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GENETIC INHIBITION BY DOUBLE-STRANDED RNA

GOVERNMENT RIGHTS
This invention was made with U.S. government support under grant numbers GM-
37706, GM-17164, HD-33769 and GM-07231 awarded by the National Institutes of

Health. The U.S. government has certain rights in the invention.

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to gene-specific inhibition of gene expression by
double-stranded ribonucleic acid (dsRNA).
2. Description of the Related Art

Targeted inhibition of gene expression has been a long-felt need in biotechnology
and genetic engineering. Although a major investment of effort has been made to achieve
this goal, a more comprehensive solution to this problem was still needed.

Classical genetic techniques have been used to isolate mutant organisms with
reduced expression of selected genes. Although valuable, such techniques require
laborious mutagenesis and screening programs, are limited to organisms in which genetic
manipulation is well established (e.g., the existence of selectable markers, the ability to
control genetic segregation and sexual reproduction), and are limited to applications in
which a large number of cells or organisms can be sacrificed to isolate the desired
mutation. Even under these circumstances, classical genetic techniques can fail to
produce mutations in specific target genes of interest, particularly when complex genetic
pathways are involved. Many applications of molecular genetics require the ability to go
beyond classical genetic screening techniques and efficiently produce a directed change in
gene expression in a specified group of cells or organisms. Some such applications are
knowledge-based projects in which it is of importance to understand what effects the loss
of a specific gene product (or products) will have on the behavior of the cell or organism.

Other applications are engineering based, for example: cases in which is important to
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produce a population of cells or organisms in which a specific gene product (or products)
has been reduced or removed. A further class of applications is therapeutically based in
which it would be valuable for a functioning organism (e.g., a human) to reduce or
remove the amount of a specified gene product (or products). Another class of
applications provides a disease model in which a physiological function in a living
organism is genetically manipulated to reduce or remove a specific gene product (or
products) without making a permanent change in the organism’s genome.

In the last few years, advances in nucleic acid chemistry and gene transfer have
inspired new approaches to engineer specific interference with gene expression. These

approaches are described below.

Use of Antisense Nucleic Acids to Engineer Interference

Antisense technology has been the most commonly described approach in
protocols to achieve gene-specific interference. For antisense strategies, stochiometric
amounts of single-stranded nucleic acid complementary to the messenger RNA for the
gene of interest are introduced into the cell. Some difficulties with antisense-based
approaches relate to delivery, stability, and dose requirements. In general, cells do not
have an uptake mechanism for single-stranded nucleic acids, hence uptake of unmodified
single-stranded material is extremely inefficient. While waiting for uptake into cells, the
single-stranded material is subject to degradation. Because antisense interference requires
that the interfering material accumulate at a relatively high concentration (at or above the
concentration of endogenous mRNA), the amount required to be delivered is a major
constraint on efficacy. As a consequence, much of the effort in developing antisense
technology has been focused on the production of modified nucleic acids that are both
stable to nuclease digestion and able to diffuse readily into cells. The use of antisense
interference for gene therapy or other whole-organism applications has been limited by
the large amounts of oligonucleotide that need to be synthesized from non-natural
analogs, the cost of such synthesis, and the difficulty even with high doses of maintaining

a sufficiently concentrated and uniform pool of interfering material in each cell.

SUBSTITUTE SHEET (RULE 26)



WO 99/32619 PCT/US98/27233

Triple-Helix Approaches to Engineer Interference
A second, proposed method for engineered interference is based on a triple helical
nucleic acid structure. This approach relies on the rare ability of certain nucleic acid
populations to adopt a triple-stranded structure. Under physiological conditions, nucleic
5  acids are virtually all single- or double-stranded, and rarely if ever -form triple-stranded

structures. It has been known for some time, however, that certain simple purine- or

pyrimidine-rich sequences could form a triple-stranded molecule in vitro under extreme

conditions of pH (i.e., in a test tube). Such structures are generally very transient under

physiological conditions, so that simple delivery of unmodified nucleic acids designed {6~
10  produce triple-strand structures does not yield interference. As with antisense, '

development of triple-strand technology for use in vivo has focused on the development of

vivo. An additional goal in developing this technology has been to prod ce-modified--- - -
nucleic acids for which the formation of triple-stranded material prg eeds effectivelyA at

15  physiological pH. /

i

-

Co-Suppression Phenomena and Their Use in Genetic ri'gioeering e -

A third approach to gene-specific interferengé is. a set of operattor;,a],, procedures

4 ipproach wascﬁrst §g$c,t1bcd in plants
lencmg of, an unlmlged but homologous ; g
! 'Mo. co- smpre;sro%qye.been reponed in two '
animals: C. elegans and Drosophrid o@o—sugp:@swq,yasﬂrst obsenved b.y acprdem, with
reports coming from groups ?n(g trqnsg; i ’& : f o
potentially useful locus. pre cases the, oggégcp}essloq was: success,fpl While, in many
25  others, the result was ;pppsrte from }baggx&p}gdh In those casgs, the transgemc plants
actually showed less expressjon of. tllg,\epdogonops gg;qe S,evgralmechamsms have so far
been proposed fqr transgcne—medmgd Qp supprgss;qn l?‘ plants all of these mechanistic
proposals remam hypottleuca.l and‘qp deﬁmtry:e, meehamstlc description of the process

has be A presented The models that hifve been proposed to explain co- suppression can

grouped under the name “co-suppression”. y;
o8

20  and refers to the ability of transgenes to cay o

gene. More recently, phenomena simi

to achreve pver-exp:essron ofa

30 be laced in two drfferem categones In bne sét of proposals a direct physrcal interaction

/at the. DNA- gr-chronwm-level between two dlfferent chromosomal sites has been
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hypothesized to occur; an as-yet-umdentxﬁed mechanism would then lead to de novo
methylation and subsequent suppressxon of gene expressnon Altematlvely, some have
postulated an RNA intermediate, syntheslzed at the transgene locus, which might then act
to produce interference with the endogenous gene. The charactensttcs of the interfering
RNA, as well as the nature of the mterference process, have not been determined.
Recently, a set of experiments wnh RNA vxruses have prowded some support for the
possibility of RNA mtennedxates i the mterference process In these experiments, a
replicating RNA virus is modified to mclude a segment from a-gene of interest. This
modified virus is then tested for its abxhty to interfere. thh expressmn of the endogenous
gene. Initial results with this teehmque have been encouragmg, However, the properties of
the viral RNA that are responstble for mterferenee effects have not been determined and,

in any case, would be llmtted to plants which- are hosts of the plant vxrus

Distinction between the Present lnventton and Antisense Approaches

The present mventlon dtffers from anttsense-medtated interference in both
approach and effectweness Antxsense-medtated genetic mterference methods have a
major challenge: dehvery to the cell mtenor of spectﬁc smgle-stranded nucleic acid
molecules at a concentratton that 1s equal to-or greater t than the concentratlon of
endogenous mRNA. Double—stranded R.NA-medtated tnhxbttton has advantages both in
the stability of the matenal to be dthered and the concentratton requu'ed for effective
inhibition. Below, we dtsclose that in. the model orgamsm C elegans, the present
invention is at least 100 foid more effectwe than an equtvalent ‘antisense approach (i.e.,
dsRNA is at least lOO-fold more effectlve than the mjectton of punﬁed antisense RNA in
reducing gene expressxon) These comparisons also demonstrate that mhtbmon by

double-stranded RNA must ‘oceur by a mechamsm distinct from anttsense interference.

Distinction between the P_reSent"Invention. and Triple-Helix Apptfoaches

The limited data on;triple‘strand formation argues against the involvement of a
stable triple-strand intermedia_‘te m the present invention. 'Tripie‘-strand structures occur
rarely, if at all, under phystfologieal' conditions and are limited to \tery unusual base

sequence with long rn.nsﬂot"';pu-rines and pyrimidines. By conttast, dsRNA-mediated

4
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inhibition occurs efficiently under physrologtcal condmons, and occurs with a wide
variety of inhibitory and target nucleottde sequences The pment mventron has been
used to inhibit expression of 18 drfferent genes, prov:dmg phenocopxes of null mutations
in these genes of known functron The extreme environmental and sequence constraints
on triple-helix formation make-it unhkely that dsRNA-medtated mhlblthﬂ in C. elegans
is mediated by a triple-strand structure

Distinction between Present Inventton and Co-Suppressron Approaches

The transgene-mediated genette mterferenee phenomenon called co-suppression

may include a wide variety of drfferent pro C sses From the vrewpomt of application to

other types of organisms, the co-suppressron phenomenon m plants is difficult to extend.
A confounding aspect in creating a generai techmque based on co-suppression is that
some transgenes in plants lead to suppressron of the endogenous locus and some do not.
Results in C. elegans and Drosophtla mdrcate that certain transgenes can cause
interference (i.c., a quantitative decrease in the actwrty of the correspondmg endogenous
locus) but that most transgenes do.not groducesuch an effect., Thelack of a predictable
effect in plants, nematodes, and insects greatly li'mits the'useﬁtlness of simply adding
transgenes to the genome to mterfere w1th gene expressron Vlral-medrated co-
suppression in plants appears to be qulte effectrve, but has a number of drawbacks. First,
it is not clear what aspects of the vrral structure are crmcal for the observed interference.
Extension to another system would vrequ_t_re;dtscovery.of a -.vl_r-us ln that system which
would have these properties, and such-a. libxary ofusefu’l viral agents are not available for
many organisms. Second, the use of a rephcatmg vrrus wrthtn an organism to effect
genetic changes (e.g., long- or short-tcrm gene therapy) requtres considerably more
monitoring and oversight for deletenous effects than the use of a defined nucleic acid as
in the present invention. S TE

The present invention avoids the dlsadvantages of the prevrously-descnbed
methods for genetic interference. Several advantages of the present invention are
discussed below, but numerous others wrll be apparent to one of ordinary skill in the

biotechnology and genetic engtneenng arts
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SUMMARY OF THE INVENTION

A process is provided for inhibiting expression of a target gene in a cell. The
process comprises introduction of RNA with partial or fully double-stranded character
into the cell or into the extraccllular_envirbnmem; Inhibition. ié_épeciﬁc in thata
nucleotide sequence from a portion of the target éene is chosen to produce inhibitory
RNA. We disclose that this process is (1) eﬁ'eetive in producing inhibition of gene
expression, (2) specific to the targeted gene, and (3) general in ailowmg inhibition of
many different types of target gene. ’

The target gene may be a gene denved from the cell, an endogenous gene, a
transgene, or a gene of a pathogen whteh is present in the cell after infection thereof.
Depending on the particular talj‘:g'et"gene and the dose of double stranded RNA material
delivered, the procedure may prouide partial or complete loss of funiction for the target
gene. A reduction or loss of genfe eun,reseion in at least 99% of fargeted cells has been
shown. Lower doses of injected_ mate't_iel_'end'longer times after _au'rninistration of dsRNA
may result in inhibition in a smaller fraction of cells. Quantitefidn of gene expression in a
cell may show similar amounts of mhlbmon at the level of accumulatlon of target mRNA
or translation of target protein. © .. - '

The RNA may compnse one or more strands of polymenzed ribonucleotide; it
may include modifications to eithef’ the phosphate-sugar backbone or the nucleoside. The
double-stranded structure may be formed by a sxngle self-complementary RNA strand or
two complementary RNA strands.. RNA duplex formation may be initiated either msxde
or outside the cell. The RNA may._be_ pntrodueed in an amount whlch allows delivery of at
least one copy per cell. Higher 'de_ses of double-stranded métetiai may yield more effec-
tive inhibition. Inhibition is sequeneefspeciﬁ,c in ﬁhat,nucleqtiue",SCQuences corresponding
to the duplex region of the RNA a"re targeted for gene_tie inhibition. RNA containing a
nucleotide sequences identical to a portion of the target gene is'preferred for inhibition.
RNA sequences with mseruons, deletlons, and smgle point mutqtlons relative to the target
sequence have also been found to be effective for inhibition. Thus, sequence identity may
Optlmlzed by alignment algomhms known in the art and calculatmg the percent difference

between the nucleotide sequences Altematwely, the duplex tegxon of the RNA may be
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defined functionally as a nucleotide seduence that is capabl'ei'of ‘hybridizing with a portion
of the target gene transcript. o

The cell with the target gene may be denved from Oll eontaxned in any organism
(e.g., plant, animal, protozoan, vntus, bactermm, or’ fungus) RNA may be synthesized
either in vivo or in vitro. Endogenous RNA polymerase ‘of. the cell ‘may mediate trans-
cription in vivo, or cloned RNA polymerase can be used for transcnptton in vivo or in
vitro. For transcription from a transgene in. vxvo or an‘ expressxon construct a regulatory
region may be used to transcnbe the RNA strand (or strands)

The RNA may be du'eetly mtxoduced mto the cell (1 e, mt:aeellularly) or

introduced extracellularly into a cawty, mterstmal space, mto the cxrculatxon of an

organism, introduced orally, or- may }be mtroduced by bathmg an orgamsm in a solution

containing RNA. Methods for oral mtroduenon mclude dxrect mlxmg of RNA with food

of the organism, as well as engmeeredf A ches m whlch 'specxes that is used as food

is engineered to express an RNA, the: fe ._the orgamsm to be affected. Physical
methods of introducing nucleic aclds mclude ll’lJCCllOﬂ dnrectly mto the cell or extra-
cellular injection into the organlsm of an RNA solutxon L

The advantages of the present mventlon mclude1 the ease of introducing double-
stranded RNA into cells, the low eoncentratlon of RNA whxch can be used, the stability of
double-stranded RNA, and the effectweness of the mhtbmon The ablhty to use a low
concentranon ofa naturally~occumng nuclelc acxd avoids several dtsadvantages of anti-
sense mterference This mventlon 1s not hmxted to in wtro use orto specnﬁc sequence
compositions, as are techmques based on tnple-strand formatlon And unlike antisense
mterference, triple-strand mterference, a.nd co—suppressnon, tlus mventlon does not suffer

from bemg limited to a parttcular set of target genes 2. pamcula.r portion of the target

ge'ne s nucleotide sequence, ora partxcular transgene or vu'al delwery method. These

concems have been a serious obstacle;

';desxgmng general strategxes according to the

prior art for inhibiting gene expressmn ofa target gene of mterest |
Furthermore, genetic mampulauon becomes possxble m organisms that are not

classical genetic models. Breeding and screemng progtams may be accelerated by the

ablhty to rapldly assay the consequences o{ a spec:ﬁc targeted gene disruption. Gene

disruptions may be used to dlseover thefuﬂncuon of the target 83,{.15- to produce disease
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models in which the target gene are involved in causing or preVen_ting a pathological

condition, and to produce organisms with improved economic properties.

BRIEF DESCRIP’I'ION OF THE DRAWINGS .

Figure 1 shows the genes used to study RNA—medtated genettc inhibition in C.
elegans. Intron-exon structure for genes used to test RNA-medxated inhibition are shown
(exons: filled boxes; introns: open boxes, 5' and 3 untranslated regions: shaded; unc-22°, 9
unc-54"%, fem-1"%, and hih-1'%). . '

Figures 2 A-I show analysrs of mhﬂ)ttory RNA effects in mdtvrdual cells. These
experiments were carried out in a reporter strarn (called PD425 l) expressing two different
reporter proteins, nuclear GFP-LacZ and mrtochondnal GFP The ‘micrographs show
progeny of injected animals visualized by a ﬂuorescence mtcroscope Panels A (young
larva), B (adult), and C (adult body ‘wall; htgh magmﬁcatron) result from injection of a
control RNA (ds-unc224). Panels D:F show progeny of animais mjected with ds-gfpG.
Panels G-I demonstrate spectﬁcrty 'Animals are injected wnh ds—lacZL RNA, which
should affect the nuclear but not the mltochondnal reporter construct Panel H shows a
typical adult, with nuclear GFP -LacZ lackmg in almost all body-wall muscles but retained
in vulval muscles. Scale bars are 20 pm. |

ﬁ Figures 3 A-D show effects of double-stranded RNA correspondmg to mex-3 on
levels of the endogenous mRNA Mlcrographs show in situ hybndrzatton to embryos
(dark stain). Panel A: Negative control showmg lack of stammg in the absence of hybrid-
ization probe. Panel B: Embryo ﬁ'om umn)ected parent (normal pattern of endogenous
mex-3 RNA?®). Panel C: Embryo from a parent mjected wrtlr punﬁed mex-3B antisense
RNA. These embryos and the parent ammals retarn the mex—3 mRNA although levels
may have been somewhat less than wild type _Panel D: Ernbryo from a parent injected
with dsRNA corresponding to mex-3B no n(ex-3 RNA was detected Scale: each embryo
is approximately 50 pm in length . . '

Figure 4 shows mhrbxtory actrvtty of unc-224 as a functlon of structure and
concentration. The main graph mdrCates fractions in each behavtoral class. Embryos in
the uterus and already covered wrth an eggshell at the time of anectron were not affected

and, thus, are not included.’ Progeny cohon groups are labeled 1 for 0-6 hours, 2 for 6 15

8

SUBSTITUTE SHEET (RULE 36)



10

15

20

25

30

wo 99/37619 U R < pCTUsIRRTI
hours, 3 for 15-27 hours, 4 for 27 41 hours, and 5 for 41 56 hours “The bottom-left

diagram shows genetically denved relattonshtp between unc—22 gene dosage and behavior
based on analyses of unc-22 heterozygotes and polyploxdss 3;

Figures 5 A-C show examples of: genetrc lnhtbmon followmg ingestion by C.
elegans of dsRNAs from expressmg bactena Panel A General strategy for production of
dsRNA by cloning a segment of i mterest between ﬂankxng coples of the bacteriophage T7
promoter and transcribing both strands of the segment by, transfectmg a bacterial strain
(BL21/DE3)?® expressing the T7 polymeraSe gene from an’ mducrble (Lac) promoter.
Panel B: A GFP-expressing C elegans stratn, D4251 (see Flgure 2), fed on a native
bacterial host Panel C: PD4251 amrnals reared on a dtet of bactena expressmg dsRNA
corresponding to the codt_n_g‘reglon for gfp. ‘ N

DETAILED DESCRIPTION OF THE INVENTION
The present mventron provxdes a method of producmg sequence -specific inhibi-
tion of gene expressron by mtroducmg double-stranded RNA (dsRNA) A process is
provnded for mhlbrtmg expressron ofa target gene ina cell The process comprises intro-
ductton of RNA with partial or fully double-stranded character mto the cell. Inhibition is
sequence-specific in that a nucleotrde _sequence from a portron of the target gene is chosen

to produce inhibitory RNA. We drselose that thrs process 1?"'

: .‘effectrve in producing
inhibition of gene expressron, (2) speelﬁc to the targeted gene, and (3) general in allowing
inhibition of many different types of target gene

The target gene may. be a gene derxved from the cell (t €, a cellular gene), an

endogenous gene (i.c., a cellular gene present in the genome), a transgene (i.e., a gene

construct inserted at an ectopre snte in the genome ‘of the’ cell) or a gene from a pathogen
which is capable of mfectmg an orgamsm ‘from which the eell rs denved Depending on
the particular target gene and the dose of double stranded RNA matenal delivered, this
process may provrde partlal or complete loss of functlon for the target gene. A reduction
or loss of gene expression m at least 99% of targeted cells has been shown.

Inhibition of gene expressron refers t0 the absence (or observable decrease) in the
level of protein and/or mRNA product from a target gene Specnﬁcrty refers to the ability

to mhlbtt the target gene wrthout mamfest effeets on other:' enes of the cell. The
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consequences of inhibition can be confirmed by examination.of the: outward properties of
the cell or organism (as presented belo'w in the examples) or by biochet'nical techniques
such as RNA solution hybndtzatxon, nuclease protectxon Northern hybndxzatlon reverse
transcription, gene expression momtonng with a mxcroanay, antibody binding, enzyme
linked tmmuposorbent assay (ELIS_A), _Westem blotting, radioimmunoassay (RIA), other
immuxloassays. and ﬂuotes(;ence'actiyated cell analysis (FACS). For RNA-mediated
inhibition in a cell line or who.le-e'x;ganis'tn, gene expreesiqn is con'treniently assayed by use
of a reporter or drug resistance gene tvho'se proteln product is 'e-asily assayed. Such
reporter genes include acetohydroxyactd synthase (AHAS), alkalme phosphatase (AP),
beta galactosidase (LacZ), beta glucommdase (GUS) chloramphemcol acetyltransferase
(CAT), green fluorescent protein (GFP) horseradlsh peroxuiase (HRP) luciferase (Luc),
nopaline synthase (NOS), octopme synthase (OCS) and derwatwes thereof. Multiple
selectable markers are avallable that confer reftstance to amplcxllm, bleomycin, chloram-
phenicol, gentamycin, hygromycm, kanamycm, lincomycin, methotxjexate, phosphino-
thricin, puromycin, and tetracyclm _ |
Depending on the assay, quantttatton of the amount of gene expressxon allows one
to determine a degree of mhlbmon which is greater than 10%, 33%, 50%, 90%, 95% or
99% as compared to a cell not treated accordlng to the present mventton Lower doses of
1n_|ected material and longer ttmes after admtmstratlon of dsRNA may result in inhibition
ina smaller fraction of cells (e g at least 10%, 20%, 50%, 75%, 90%, or 95% of targeted
cells). Quantxtatlon of gene express:on ina cell may show snmxla: amounts of inhibition
at the level of accumulation_ of target mRNA or translation of target protein. Asan
example, the efficiency of mhxbm?n may be determmed by assessmg the amount of gene
product in the cell: mRNA may | be detected with a hybndxzatton probe having a nucleo-
tide sequence outside the region used, for the mhlbltory doqble—stranded RNA, or trans-
lated polypeptide may be det_ected with an arltibod)} raised against the polypeptide
sequence of that region. o o . '
‘ The RNA may comprise ¢ one or more strands of polymenzed nbonucleoude It
may include modlﬁcatlo_ns to ,elth_er the phosphate-sugar backbone or the nucleoside. For
example, the phOSphodiester.linkagesA of natural RNA may be quit:'ted to include at least

one of a nitrogen or sulfur heteroatom. Modifications in RNA structure may be tailored

!
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to allow specific genetic mhrbmon whrle avmdmg a general pamc response in some

organisms which is generated by dsRNA Ltkewnse ‘bases may ‘be'modified to block the

activity of adenosine deaminase. . RNA may be produced. enzymattcally or by partial/total

orgamc synthesis, any modified .nbonucleottde can be ,1ntroduced b_y in vitro enzymatic or

organic synthesis.

|
i

The double-stranded structure may be formed by a smgle self-complementary

RNA strand or two complementary RNA strands RNA duplex formatlon may be initi-

ated either inside or outsrde the cell The RNA may be mtroduced in ah amount which

allows delivery of at least one copy per cell Higher doses (e.g., at least 3, 10, 100, 500 or

1000 copies per cell) of double-suanded matenal may yield more effectlve inhibition;

lower doses may also be useful for specrfrc apphcatxons Inhlbmon lS sequence-specific

in that nucleotide sequences correspondmg to the duplex regron of the RNA are targeted

for genetic inhibition. .

RNA containing a nucle' , _de se

quences 1dent1cal to a pomon of the target gene

are preferred for mhrbmon RNA sequences wnth mserttons, deletlons and single point

mutations relative to the target sequence have also been found to be effectrve for inhi-

bition. Thus, sequence |dentlty may optrmrzed by sequenoe companson and alignment

algorithms known in the art- (see anskov and Devereux, Sequence Analysis Primer,

Stockton Press, 1991, and references cited therem) and calculatmg the percent difference

betWeen the nucleotide sequences by, for example, the Srmth-Waterman algorithm as

1mplemented in the BESTFIT software prpgram usmg default parameters (e.g., University

of Wisconsin Genetic Computmg Group) Greater than 90% sequence identity, or even

100% sequence 1dentrty, between the mhrbltory RNA and; the pqmon of the target gene is

preferred Altematlvely, the duplex reglon of the RNA may | be deﬁned functionally as a

nucleottde sequence that 1s capable of hybndlzmg wrth a pomon of the target gene trans-
cript (e.g., 400 mM NaCl 40 mM PIPES pH 64,1 mM BDTA 50°C or 70°C hybridi-

zation for 12-16 hours, followed by washmg) The length of the identical nucleotide

sequences may be at least- 25 50 | b_oo 200, 300 or 400 base o

As disclosed herem. l00% sequence 1dentlty between the RNA and the target gene

is not requlred to practice the present mventlon Thus the mventlon has the advantage of

) St

. SUBSTITUTE SHEET (RULE26)

-
s

A

i



10

15

20

25

30

WO 9932619 S 7 peTusesnm®
being able to tolerate sequence vanauons that might be expected due to genetic mutation,
strain polymorphism, or evoluttonary dlvergence

The cell with the target gene may be denved from or conta;med in any organism.
The organism may a plant, ammal protozoan bacteriym, vrrus, or fungus The plant may
be a monocot, dicot or gymnosperm, the animal may be'a vertebrate or invertebrate.
Preferred microbes are those nsed in agnculture or by mdust_ry-,_and those that are patho-
genic for plants or animals. Fungi lnclrrdc ‘organisms m both the mold and yeast
morphologies. . o

Plants include arabrdopsrs ﬁeld crops (e g., alfalfa, barley, bean, corn, cotton,
flax, pea, rape, rice, rye, safﬂower, sorghum, soybean sunﬂower, tobacco, and wheat);
vegetable crops (e.g., asparagus, beet, broccoli, cabbage, carrot, cauliflower, celery,
cucumber, eggplant, lettuce, omon, pepper, potato pumpkm radxsh spinach, squash, taro,
tomato, and zucchini); frmt and nut crops (e.g, almond apple apncot, banana, black-
berry, blueberry, cacao, cherry, coconut cranben'y, date, fajoa, ﬁlbert, grape, grapefruit,
guava, kiwi, lemon, lime, m_ango, melon, nectarine, orange, papaya, passxon fruit, peach,
peanut, pear, pineapple, nistach'ro, plum, raspberry, strawberry,tangerinc, walnut, and
watermelon); and omamentals (e g alder, ash, aspen, azalea, birch, boxwood, camelha,
carnation, chrysanthemum, elm, ﬁr, vy, jasmme Jumper, oak, palm poplar, pine,
redwood, rhododendron, rose, and rubber) ‘ T ,‘,

Examples of vertebrate ammals mclude ﬁsh mammal cattle goat, pig, sheep,
rodent, hamster, mouse, rat,-prrrnate,_ and human; 1nyertebra_te ammals mcludF nematodes,
other worms, drosophila, and‘other'inseets.- Repres_entativejg_enerae of nematodes include
those that infect animals (e.g., Ancylostoma, Ascaridia, Ascaris, Bunostomum, Caeno-
rhabditis, Capillaria, Chabertia, Coopcria,' Dictyocanlus,'Ha'ernonchus, Heterakis, Nema-
todirus, Oesophagostomum, .Osterta'gia,‘ Oxyuris, Parascaris‘, Strongylus, Toxascaris,
Trichuris, ’I‘n'chostrongylus' be‘chonema, Toxocara, Uncinaria) and those that infect
plants (e.g., Bursaphalenchus Cnconemella, Diiylenchus, Ditylenchus, Globodera,
Helicotylenchus, Heterodera, Longldorus, Melodoigyne, Nacobbus, Paratylenchus,
Pratylenchus, Radopholus, R_ot_elynchus, Tylenchus, and lehrnemﬁ), Representative

orders of insects include Coleoptera, Diptera, Lepidoptera, and Homoptera.

12
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The cell having the- target gene may be from the genn lme or somattc totipotent or
pluripotent, dividing or non-dwrdtng, parenchyma or. epttheltutn, tmmortaltzed or trans-
forrhed, or the like. The cell may be a stem cell ora dtfferenttated cell Cell types that are
differentiated include adtpocytes ﬁbroblasts myocytes, cardtomyocytes, endothelium,
neurons, glia, blood cells, rnegakaryocytes, lymphocytes macrophages, neutrophils,
eosinophils, basophils, tnast cells, leukocytes, granulocytes, keratmocytes, chondrocytes,
osteoblasts, osteoclasts, hepatocytes, and cells: of the endocnne or exocnne glands.

RNA may be synthesnzed etther in vivo or in-vitro. Endogenous RNA polymerase

of the cell may mediate transcnptton m vrvo, or cloned RNA polymerase can be used for

transcnptton in vivo or in’ vu Fo transcnptton from a transgene in vivo or an expres-

sion construct a regulatory regto romoter, enhance sdencer splice donor and

acceptor, polyadenylatton) may be used to- 'transcrtbe the RNA strand (or strands). Inhibi-
tion may be targeted by speclﬁc transcrtptton m an, organ tlssue, or cell type; stimulation
of an environmental condition (e g tnfectton, stress, temperature chemical inducers);
and/or engineering transcnptton at a developmental stage or age The RNA strands may
or may not be polyadenylated the RNA strands may or may not be capable of being
translated into a polypeptlde by a cell’s translattonal apparatus RNA may be chemlcally
or enzymatlcally synthesuzed by manual or automated reacttons The RNA may be
synthesized by a cellular RNA polymerase or a bactenophage RNA polymerase (e.g., T3,
T7, SP6). The use and productton of an cxpressron construct are known in the ar®2 3%
(see also WO 97/32016 U S Pat Nos 5 593 874 5 598 425 5 712 135, 5,789,214, and
5,804,693, and the references c1ted therem) lf synthesrzed chemrcally or by in vitro

enzymatic synthesrs the RNA may be punﬁed prtor to 1ntroductton into the cell. For

example, RNA can be punﬂed from : nuxture by extractto lth a solvent or resin,

precipitation, electrophoresxs chrom ography, or a cornbmatrcn thereof. Alternatively,

the RNA may be used thh no ora; mtntmum of punﬁcatt : _avord losses due to sample

processing. The RNA may | be dned for storage or dtssolved-m an aqueous solutiori. The

solutton may contain buffers or salts to prOmote anneahng, and/or stabtltzatlon of the

duplex strands S “:;_? ﬁ»j l e ‘ Ty .

RNA may be dtrectly tntroduced tnto the cell (. e, mtracellularly), or introduced

extracellularly into a:cavt_ty_,mters_tllttal spac_e, igto the. c_xrculatton ,Qf an organism, intro-

L ro
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duced orally, or may be introducedlby bathing an orga.nism ina solution containing the
RNA. Methods for oral mtroduetton mclude dtreet mixing of the RNA with food of the
organism, as well as engmeered approaehes in which a specxes that is used as food is
engineered to express the RNA, then fed to. the 6rganism to be affected. For example, the
RNA may be sprayed onto a plant ora plant may be genetically engineered to express the
RNA in an amount sufﬁcxent to kill some orall ofa pathogen known to infect the plant.
Physical methods of mtroducmg nucletc acids, for example, mjectton directly into the cell
or extracellular injection into. the organtsm, may also be used We d\sclose herein that in
C. elegans, double-stranded RNA mtroduced outside the cell’ inhibits gene expression.
Vascular or extravascular ctrculatnon, the blood or lymph system, the phloem, the roots,
and the cerebrospinal fluid. are srtes where the RNA may be introduced. A transgenic
organism that expresses RNA t’rom a recombmant construct may be produced by intro-
ducing the construct into a zygote an ernbryomc stem cell, or anot.her multipotent cell
derived from the appropnate orgamsm \ ‘ . :

Physical methods of mtroductng nucletc acids mclude mjectton of a solution
contammg the RNA, bombardment by parttcles covered by thie RNA soaking the cell or
orgamsm in a solution of the RNA or electroporatton of cell membranes in the presence
of the RNA. A viral construct packaged into a viral parttcle would accomplish both
efficient introduction of an expressnon construct into the cell and transenptton of RNA
encoded by the expression: construct. Other methods known in the art for introducing
nucleic acids to cells may be used such as llptd-medlated camer transport chemical-
mediated transport, such as calctum phosphate, and. the ltke Thus the RNA may be
introduced along with components that perfo;m one orhmore of the followmg activities:
enhance RNA uptake by the cell, promote annealmg of the duplex strands, stabilize the
annealed strands, or other-wxse mcrease tnhtbmon of tbe target gene..

The present mvenuon may be used to mtroduce RNA into a: cell for the treatment
or prevention of disease.. For example dsRNA may be mtrodnced into a‘cancerous cell or
tumor and thereby mhlblt gene expressron ofa gene requtred for maintenance of the carci-
nogenic/tumorigenic phenotype 'l'o prevent a disease or. other pathology, a target gene

may be selected which is required for mttratton or mamtenance of the disease/pathology.

14
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Treatment would include amelroratxon of any symptom assocrated thh the disease or
clinical indication assoclated wrth the pathology ' l' ‘ ,' ,

A gene derived from any pathogen may- be targeted. for mhtbttton For example,
the gene could cause rmmunosupptessron of the host dxrectly or be essent:al for repli-
cation of the pathogen, transrmssron of the: pathogen or mamtenance of the infection.

The mhtbrtory RNA could be i :troduced in cells in vitro or ex vzvo and then subsequently

invention. The target gene mlght be athogen or host gene responsrble for entry of a
pathogen into its host, drug metabol s m by the pathogen or host rephcatlon or integration
of the pathogen’s genome, estabhshment or spread of: an mt‘ectlon in the host, or assembly

of the next generation of pathogen Methods of prophylaxrs (l e preventron or decreased

risk of infection), as well. as reduetton in the frequency or seven' :_of symptoms associated

with infection, can be envt oned,_ ]

The present mventton could be used for treatment or development of treatments
for cancers of any type; mcludmg solrd tumors and leukemras meludmg apudoma,
choristoma, branchroma, ma __gnant earcmord syndrome carcmord heart disease, carci-
noma (e.g., Walker, basal cell basosquamous, Brown-Pearce, duetal Ehrlich tumor, in

situ, Krebs 2, Merkel cell mucmous, non-small cell lung, oat élt;

; paprllary, scirrhous,

bronchiolar, bronchogeme, squ ﬁs-eell,’and'.ﬁ‘anSjtionali-ee

) histiocytic disorders,

leukemia (e. g B cell, mtxed ._eel it cell Tce[l T-cell chro e, 'HTLV-II-associated,

mast‘eejllf;' and

lymphocytle acute, lymphoeytt, 2

Hodgkm disease, 1mmunoprohfera_

él :d)' histiocytosis malignant,
e mall non-l{odgktn lymphoma, plasmacytoma,
rettculoendothehosrs melanoma chondrohlastoma chondroma chondrosarcoma,
fibroma, fibrosarcoma, grant cell tumors hrstrocytorna, hpoma, hposarcoma, mesothe-
lioma, myxoma, myxosareoma, osteoma, osteosarcoma, Ewmg sarcoma synovioma,

adenofibroma, adenolymphom“' carcmosareoma, chordoma, cramo-pharyngroma

dysgerminoma, hamartoma. mesenchymoma, mesonephroma. myosarcoma, amelo-
blastoma, cementoma, odontoma, teratoma, thymoma. trophoblastlc tumor, adeno-
: B Ny N
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carcinoma, adenoma, cholangio'rne.’ clx’oleslestoma, c)llindrorrla cystadenocarcinoma,
cystadenorna, granulosa cell tumor, gynandmblastoma, hepatoma, hidradenoma, islet cell
tumor, Leydig cell tumor, papnlloma, Sertoh cell-tumor, theca cell tumor, leiomyoma,
leiomyosarcoma, myoblastoma, myoma, myosarcoma, rhabdomyoma, rhabdomyo-
sarcoma, ependymoma, ganghoneuroma, glnoma, medulloblastoma meningioma,
neurilemmoma, neuroblastoma, neuroeplthelroma, neuroﬁbroma, neuroma, paragan-
glioma, paraganglioma nonchromaffin angiokeratoma, angxolymphold hyperplasia with
eosinophilia, angioma sclerosmg, angromatosrs, glomangioma, hemangloendothehoma
hemangioma, hemangropencytoma, hemangxosareoma, lymphangroma, lymphangio-
myoma, lymphanglosarcoma, pmealoma, carcmosarcoma, chondrosarcoma, cystosarcoma
phyllodes, fibrosarcoma, hemangxosarcoma, leiomyosarcoma, leukosarcoma, liposarcoma,
iymphangiosarcoma, myosamoma myxosarcoma, ovarian carcmoma rhabdomyo-
sarcoma, sarcoma (e.g., Ewmg, expenmental Kaposr and mast cell), neoplasms (e.g.,
bone, breast, digestive system, colorectal liver, pancreanc, prturtary, testicular, orbital,
head and neck, central nervous system, acoustlc, pelvrc, resprratory tract, and urogenital),
neurofibromatosis, and cervxcal dysplasxa, and for treatment of other conditions in which
cells have become 1mmortallzed or transformed The invention could be used in
combination with other treatment modalmes, such as chemotherapy, cryotherapy, hyper-
thermia, radiation therapy, and the like. ‘ o

As disclosed herem, the: present mventlon may is not llmlted to any type of target
gene ‘or nucleotide sequence But the followmg classes of possrble target genes are listed
for illustrative purposes: develo;;mental genes (e g, adhesion molecules cyclin kinase
inhibitors, Wnt family members, Pax fannly members, nged hellx family members,
Hox family members, cytokmes/lymphokmes and their receptors growth/drfferentlauon
factors and their reeeptors, neurotransmltters and their receptors), oncogenes (e.g., ABLI,
BCLL, BCL2, BCL6, CBFAZ CBL CSFIR, ERBA, ERBB, EBRBZ ETSI1, ETSI
.ETV6, FGR, FOS, FYN HCR HRAS JU'N KRAS, LCK LYN MDM2, MLL, MYB,
MYC, MYCLI, MYCN, NRAS PIMl PML, RE‘I' SRC TALl TCL3, and YES); tumor
suppressor genes (e.g., APC, BRCAL, B,RC;A2, MADHQ, MCC NF1, NF2, RB1, TP53,
and WT1); and enzymes (eg.,ACC Synthases and oxida'ses;"-_ACP desaturases and
hydroxylases, ADP-glucose pyrophorylases, ATPa'ses,.aleohol_.dehydrogenases, amylases,
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amyloglucosxdases catalases cellulases chalcone synthases chmnases cyclooxygenases,
decarboxylases. dextrinases, DNA and RNA polymerases galactosndases, glucanases,
glucose oxidases, granule-bound starch synthases, GTPasec, heltcases, hemxcellulases,
mtegrases inulinases, mvertases 1somerases, kmases, lactases, llpases, llpoxygenases,
lysozymes Jnopaline synthases octoptne synthases pectmesterases, peroxrdases
phosphatases, phosphohpases, phosphorylases, phytases, plant growth regulator
synthases, polygalacturonas otemases and peptrdases, pullanases, recombmases
reverse transcriptases, RUBISCOS, toporsomerases, and xylanases)

The present mventt could A"ducmg plants with reduced

susceptibility to climatic i mj : .susceptlblllty to infection

by a pathogen, or altered frut { hiri Vgeted gene may be an

enzyme, a plant structural"prot“ in; : mvolved m pathogenesrs, or an enzyme that is

involved in the production of a"n . " naceous part. of th plant (l e., a carbohydrate or
lipid). If an expression constmct 1s used to transcnbe the RNA in a plant transcription by
a wound- or stress- 1nduetble, ttssue-spectftc (e g fruit, seed, anther, ﬂower leaf, root); or
otherwise regulatable (e. g mfectton, hgl\t temperature, chemrcal) promoter may be used.
By inhibiting enzymes at one or more pomts m a metabolrc pathway or genes involved in
pathogenesis, the effect may be enhanced each actnvrty w1ll be affected and the effects
may be magnified by targetmg multlple dlfferent components Metabollsm may also be
manipulated by mhnbltmg feedback control m the pathway or. productlon of unwanted

metabolic byproducts. - g ,t '

The present mventron ‘may‘be used to reduce crop des ctton by other plant

pathogens such as arachn v tena, or fungi. Some

gens: are'ltsted . Indax of Plant fseases in the United States
(U S. Dept. of Agnculture Handboo

such plants and their path

No 65 1960), DlSiﬂA tion of PIanl-Parasmc
Nemazade Species in North Amerrca (Socrety pf Nematologlsts;}_ 1985); and Fungi on
Plams and Plant Products in Ihe

4 e‘d_.".gtqt.e'sﬂ(_{\rnerjican;l?:l}ytppathological Society,
1989). Insects with reduced abllxty to damage Crops. or 1mproved ability to prevent other
destructive insects from damagmg crops may be produced Furthermore some nematodes
are vectors of plant pathogens, and may be attackcd by other benef cral nematodes which

have no effect on plants. Inhrbmon of target gene actwrty could be used to delay or
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prevent entry into a pamcular devetopmental step (e.g., metamorphosrs) if plant disease
was associated with a pamcular stage of the pathogen s life eycle Lnteractxons between
pathogens may also be modified by the mventxon to limit crop damage For example, the
abrlrty of beneficial nematodes to attack their harmful prey may be enhanced by inhibition
of behavror-controllmg nematode genes accordmg to the mventron

Although pathogens cause: dxsease some of the mrcrobes mteract with their plant
host in a beneficial manner. For example, some bacteria are mvolved in symbiotic
relationships that fix nitrogen and some fungi produce phytohormones Such beneficial
interactions may be promoted by usmg the present invention to inhibit target gene activity
in the plant and/or the microbe. - . R

Another utility of the present mventron could bea method of 1dent1fymg gene
function in an organism. compnsmg the use of double-stranded RNA to mhlbrt the activity
of a target gene of prevrously unknown function. Instead of the trme consuming and
laborious isolation of mutants by tradrtronal geneuc screening, functmnal genomics would
envision determining the functlon 'of uncharacterized genes by employmg the invention to
reduce the amount and!or alter the trmmg of target gene activity: . 'I'he invention could be
used in determining potentlal targets er pharmaceutrcs, understandmg normal and patho-
logical events associated- wrth development, determrmng srgnalmg pathways responsible
for postnatal development/agmg, and the hke The mcreasmg speed of acquiring nucleo-
tide sequence information from genomrc and expressed gene sources including total
sequences for the yeast, D. meIanogaster, and C. eIegans genomes. can be coupled with
the invention to determine gene functlon inan orgamsm (e g ‘nematode). The preference
of different organisms to use partreular codons, searehmg sequenee databases for related
gene products, correlatmg the lmkage map ‘of genetrc traits with- the physxcal map from
which the nucleotide sequences are derrved and amﬁcral rptelhgence methods may be
used to define putative o_pen readmg frames from the nueleotldesequences acquired in
such sequencing pro_|ects L R

A simple assay would be to mhtbrt gene expressron accordmg to the partial
sequence available from an expressed sequenee tag (EST). Functronal alterations in
growth, development, metabohsm, dlsease resistance, or other btqloglcal processes would

be indicative of the normal. role-of the EST’s gene product. . .

o
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The ease with which RNA can be mtroduced mto an mtact cell/organism
containing the target gene allows the precent mventron to be used in high throughput
screenmg (H’I‘S) For example, duplex RNA can be produced by an amplification
reaction using primers flankmg the mserts of any gene hbrary denved from the target
cell/organism. Inserts may be denved from genom:c DNA or mRNA (e g., cDNA and
cRNA). Individual clones from the hbrary can be rephcated and then tsolated in separate
reactions, but preferabl‘y‘the' library tS mamtamed in tndmdual reactlon vessels (e.g., a 96-
well microtiter plate) to- mtmmrze the number of steps reqmred to practtce the invention

and to allow automation of the process Solutrons contammg duplex RNAs thatare |

capable of inhibiting the’ drﬁ'erent expressed genes cany be: placed tnto ‘individual wells

positioned on a mrcrottterpl_at an: ordered array, d mtact cellslorgamsms in each

well can be assayed for any 'clin_ or-modtf eatlons in behav \ ror development due to

inhibition of target gene actm : 'l’he amphﬁed RNA can b fed du'ectly to, injected into,
the cell/organism contatmng the targ , gene Altemauvely, th Aduplex RNA can be
produced by in vivo or in vuro transcnptlon from an expressmn constmct used to produce
the library. The construct can be rephcated as tndxvrdual clones of the library and
transcribed to produce the RNA each clone can then be fed to or tnjected into, the{
cell/organism contammg the target gene The functton of: the target gene can be assayed
from the effects it has on the cell/orgamsm when gene actlvtty ts lﬂhlblted This
screening could be amenable to small ‘subjects that can- be processed m .large number, for
example: arabndopsrs, bacterta, drosophrla, fungr, nematodes, vrruses zebraﬁsh and
tissue culture cells derived. from mammals l l;_ ‘ifﬂ]- : :é;z,; '_

A nematode or other orgamsm that produces a colonmetnc ﬂuorogentc or

lumtlnescent signal in respons_ 'to a regulated promoter (e g transfected with a reporter

gene construct) can be assayed

an. HTS forrnat to tdenttfy DNA-bmdmg proteins that
regulate the promoter. In the assa ] snnplest form, mhlbmon of a negative regulator

results in an increase of the sxgnal’- and mhtbmon of a posxtwe regulator results in a
decrease of the signal. i ' '

ifa charactensttc of an orgamsm ts determtned to be'fgenetxcally linked to a
polymorphism through RFLP or QTL analysrs the present mventton can be used to gain

msrght regarding whether that genettc polymorphtsm mrght be dtrectly responsible for the

19.
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characteristic. For example a fragment deﬁmng the genetic polyrnorphxsm or sequences
in the vicinity of sucha genettc polymorphlsm can be amplified to produce an RNA, the
duplex RNA can be mtroduced to the orgamsm and whether an alteranon in the charac-
teristic is correlated with mhxbmon can be determmed Of | eourse, there may be trivial
explanations for neganve results thh this type of assay, for example inhibition of the
target gene causes lethality,’ mhlbxtton of the target gene may not result in any observable
alteration, the fragment contams nucleotlde sequences that are not capable of inhibiting
the target gene, or the target gene's actmty is redundant

~The present invention may be useful in allowmg the: mhtbttton of essential genes.
Such genes may be required for cetl or orgamsm vxabxhty at only particular stages of
development or cellular compa.rtments The functional equwalent of conditional muta-
tions may be produced by lnhtbltlng a_ctw-tty of the target gene when or where it is not
required for viability. Thefinjrention allows-addition of RNA at’sile"c’iﬁe times of develop-
ment and locations in the-.orgﬁisvaithout introducing permanert mutations into the
target genome. o S A - L

If alternative sphcmg produced a family of transcnpts that were distinguished by
usage of characteristic exons, the'present inyention can target mhtbxtlon through the
appropriate exons to speclﬁcally mhlblt or.to dtstmgutsh among the functions of family
members. For example, a. hormone that contaxned an altematwely sphced transmembrane
domain may be expressed in both membrane bound and’ secreted forms. Instead of
isolating a nonsense mutatlon that terrnmates translatton before the transmembrane
domain, the functional consequences of havmg only secreted hormone can be determined
according to the invention by targetmg the exon contammg the transmembrane domain
and thereby inhibiting expressxon of membrane-bound hormone.

The present invention may be used alone or as a component of a kit havmg at least
one of the reagents necessary to carry out the in vitro or in vzvo mtroductton of RNA to
test samples or subjects.. Preferred components are the dsRNA and a vehicle that
promotes introduction of the dsRNA Such a kit may also mclude mstructtons to allow a
user of the kit to practlce the mventton . y

Pesticides may | mclude the RNA, molecule 1tself an expressxon construct capable

of expressing the RNA or orgamsms transfected with the expressron construct. The

20
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ar that are accessible above
ground (e.g., flowers, fruits, huds l 'ves, seeds shoots bark, stems) may be sprayed with

vmcrde bactericide, and/or fungrcrde For example, plant p 1

pesticide, the soil may be soaked with pestrcrde to access plant parts growing beneath
ground level, or the pest may be contactedwrth pestrctde drrectly If pests rnteract with
each other, the RNA may be transmrtted between them Altematwely, if inhibition of the
target gene results ina beneﬁcral effect on: plant growth or development, the aforemen-
tioned RNA, expression construct, or transfected organrsm maybe consrdered a nutri-
tional agent. In either case, genetre engmeerrng of the- plant is not requrred to achieve the
objectives of the mventron L R LU

Alternatively, an orgamsm may be engrneered to produce dsRNA which produces
commercially or medrcally beneﬁcral results for example resrstance to 4 pathogen or its
pathogenic effects, 1mproved growth or. novel developmental patterns

Used as either an- pestrclde of: nutnent a formulatton of the present invention may

be delivered to the end user m_ "ltqurd fortn for. example .as a dust granulate,

emulsion, paste, solutron, concentrat , suspensron, or encapsu tron Instructions for safe

a’nd effective use may also be provrded wrth the formulatro - The

used drrectly, but concentrates woul ire drlutron'b m 1ngj with an extender

provided by the formulator or th end. ‘-.-Srmllarly. an ern sion, paste, or suspensron
may require the end user to- perform certam preparatron steps before applrcatlon The
formulation may include a combmatton of chemrcal addttrves known in the art such as
solid carriers, minerals, solvents drspersants, surfactants, emulsrﬁcrs, tackrﬁers, binders,
and other adjuvants. Preservatrves and Stabrhzers may also be added to the formulation to
facilitate storage. The crop area or plant may also be treated srmultaneously or separately

with other pesticides or_f rlrzers Methods of applrcatton include, dustmg, scattering or

pounng, soaking, spraymg, atomrzrng, and coatmg {The' precrse physrcal form and
chemrcal composition. of the fonnulatton, and its. method of applrcatron, would be chosen
to promote the ob]ectwes of the mventron and in accordance wrth prevarlmg

crrcumstances Expressron constructs and transfected hosts capable of replication may

.

also promote the persrstence and/or spread of the formulatton

)
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Description of the dsRNA Inhlbltion Phenomenon in C, elegans ) IA

The operation of the present mventton was shown in the model genettc organism
Caenorhabditis elegans. ‘

Introduction of RNA mto cells had been seen in certam brologtcal systems to
interfere with function of an endogenous gene'?. Many such effects were believed to
result from a simple anttsense mechamsm dependent on hybndtzatlon between injected
single-stranded RNA and endogenous transcnpts In other cases, a more complex
mechanism had been suggested One mstance ofan. RNA-mcdtated mechanism was RNA
interference (RNAI) phenomcnon m the nematode C. elegans RNAt had been used in a
variety of studies to manipulate gene exptessron .

Despite the usefulness of- RNAt nC. eIegans, many features had been difficult to
explain. Also, the lack of-a clear understandmg_ of the critical requu’ements for interfering
RNA led to a sporadic record of. .fa‘ilure'and partial success in‘attctnpts to extend RNAI
beyond the earliest stages. followmg mjectxon A statement. frequently made in the litera-
ture was that sense and anttsense RNA preparattons are each sufftctent to cause inter-
ference®®. The only precedent for such a situation was-in plants where the process of co-
suppression had a srmtlar htstory of usefulness in certain cases, faxlure in others, and no
ability to design mterference protocols witha high' chance of success Working with C.
elegans, we discovered an RNA struoture that would gtve effecttve and uniform genetic
inhibition. The prior art dtd not teach or suggest that RNA structure was a critical feature
for inhibition of gene exprcSSron Indced the abthty of crude sense and antisense prepara-
tions to produce mterferencc3 4 had been taken as ah- mdrcattonthat RNA structure was
not a critical factor. Instead, the extenswe plant ltterature and much of the ongoing
research in C. elegans was focused on'the possxbthty that detarled features of the target
gene sequence or its chromosomal locale was the cnttcal feature for interfering with gene
expression. o ,

The inventors carefullypunﬁcd sense or antisense RNA for unc-22 and tested
each for gene-specific mhtbltton ‘While the crude sense and antrsense preparations had
strong interfering actwrty, it was found that the punﬁed sense and . antlsense RNAs had
only marginal mhrbttory actrvrty This was unexpected because ‘many. techmques in

molecular biology are based on thc assumptlon that &NA prodnced Wlth specific in vitro

2
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promoters (e.g., T3 or T7 RNA po yrnerase), or w1th charactenzed ‘promoters in vivo, is

produced predominantly frorna_smgle strand. The tnventors had eamed out punﬁcanon
of these crude preparations to’ tnvestrgate whether a small fractton ot' the RNA had an

unusual structure which mlght be res onStble for the observed genenc mhrbttton To

rigorously test whether double- stranded character mtght contnbute to. genetic 1nh|bmon,
the inventors carried out addtttonal purlﬁcatton of. srngle-stmnded RNAs and compared
inhibitory activities of tndtthual strands wrth that of the double-stranded hybrid.

The following examples are meant to be tllustrattve of the present invention;

however, the practice of the mventton 1s not ltmtted or restncted m any way by them.

Analysis of RNA-Medlated ln ibitmn of C elegans Genes
The unc-22 gene was chosen for tmttal compansons of aetwrty as a result of
previous genetic analysrs that yxelds a semt-quanntattve cornpartson between unc-22 gene

activity and the movement phe

notyp S: of antmals decreases n activity produce an

increasingly severe twrtchmg notype whtle complete los of functlon results in the

additional appearance of musclestructural defects and unparre ""rnotthty unc-22 encodes

an abundant but non-essenttal myot'rlam protem : unc-A mRNA is present at several

thousand copies per striated muscle:ﬂ ell;, - o

Purified antlsense and sense ‘RNAs covenng a 742 nt segment of unc-22 had only
margmal inhibitory actmty, requmng a very htgh dose of mjected RNA for any observ-
able effect (Figure 4). By contrast a sense*-anttsense mtxture produced a highly effective
inhibition of endogenous gene actw;ty (thure 4) The mtxture was at least two orders of
magnitude more effecttve than etther stngle strand in mhlbttmg gene expressnon The
lowest dose of the sense+anttsense mtxture tested approxtmately 60 000 molecules of
each strand per adult, led to twrtehmg phenotypes inan avemge of 100 progeny. unc-22
expression begins in embryos w1th approxrmately 500 cells At thls pomt the original
injected material would be dtluted to at most a few molecules per cell.

The potent mhrbttory actnvrty of the sense+anttsense mtxture could reflect forma-

tion of double-stranded RNA (dsRNA), or concexvably some a[ternate synergy between

the strands. Electrophoretxc analysns mdtcated that the m)ec_ -;matenal was predomi-
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nantly double stranded The dsRNA was gel purified from the annealed mixture and
found to retain potent mhtbttory actrvrty Although’ annealtng prior.to injection was
compatible with inhibition, it- wa_s-not necessary. Mixing of sense and antisense RNAs in
low salt (under conditions,of.rnih_imal dsRNA formation), or ra_pid sequential injection of
sense and antisense strands,-ﬁere sufficient to allow complete inhibition. A long interval
(>1 hour) between sequential 4inj-ecti0ns of sense and antisense RNA re$ulted ina
dramatic decrease in inhibitory éctivity This suggests ‘that injecte‘d single strands may be
degraded or otherwise rendered inaccessible in the absence of the complementary strand.
An issue of specrﬁetty anses when considering known cellular responses to
dsRNA. Some organisms have & dsRNA-dependent protem kmase that activates a panic
response mechanism '’ Concewably, the mventtve sense+ant1sense synergy could reflect
a non-specific potentiation of antlsense effects by such a pamc mechamsm This was not
found to be the case: co-mjeetton of dsRNA segments unrelated to unc-22 did not
potentiate the ability of unc-22 smgle strands to medtate_ mhibltton. Also investigated was
whether double-stranded strueture c0uld poteptiate inhibitory- acti\'rity when placed in cis
to a single-stranded segment, No such. potenttatron was seen; unrelated double-stranded
sequences located 5' or 3ofa smgle-stranded unc-22, segment dld not stimulate
inhibition. Thus potenttatton of gene-specrﬁc inhibition was observed only when dsRNA
sequences exist within the regton of homology with the target gene.
The phenotype produced by unc—22 dsRNA was, specific. Progeny of injected

animals exhibited behavror mdtstmgurshable from charactenstlc unc-22 loss of function
mutants. Target-spectﬁexty of dsRNA effects using three addmonal genes with well
characterized phenotypes (Frgure I and Table 1). unc-54 encodes a body wall muscle
myosin heavy chain rsoform requtred for full muscle contractron’ A2 fom-1 encodes an
ankyrin-repeat containing protem requlre(im hermaphrodttes for sperm productron” 14
and hlh-1 encodes a C. elegans homolog of the myoD famtly requlred for proper body
shape and motility'>'. 6. For each ot' these genes, mjectton of dsRNA produced progeny
broods exhibiting the known null mutant phenotype, whrle the punﬁed single strands
produced no significant reductton m gene expressxon ‘With oneexceptlon all of the
phenotypic consequences | of dsRNA mjectton were those expected from inhibition of the

corresponding gene. The exceptton (segment unc54C, whrch led to.an embryonic and
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larval arrest phenotype not seen wrth unc—54 null rnutants) was rllustratlve This segment
covers the highly conserved myosm rnotor dornam and rmght have been expected to

inhibit the activity of other lnghly related myosm heavy cham genes . This tnterpretatron

effects occurring in a high fractton ofcellsé _ e.:unc-54 a.nd hlb-l muscle phenotypes, in

particular, are known to result frorn a-larg 1 umber of defectwe muscle cells'"'¢, 'To

examine inhibitory effects of dsRN’ _ on a cellular level a transgemc line expressing two

different GFP-derived fluoreseent reporter proterns in body muscle was used. Injection of
dsRNA directed to gfp produce

d_ramatxc decreases in the fracnon of fluorescent cells
(Figure 2). Both reporter protems were absent from the neganve cells whlle the few
positive cells generally. expressed both GFP fomls 0

The pattern of mosatctsm observed Wlth gfp tnhlbmon was not random At low

doses of dsRNA, the mvento '

saw frequent mhtbmon in the embryomcally-denved

muscle cells present when the amrnal hatched The tnl'ubrtory‘ ‘ffect in these differen-

muscles, with occasional smglc escapm cells’ mcludmg cells born in embryonic or post-

embryonic stages. The nonstnated vulval muscles, bom dunng .late larval development
appeared resistant to genettc mhxbltlon at all tested concentratlons of m_)ected RNA. The
latter result is lmportant for evaluatmg the use of the present mventlon in other systems.
First, it indicates that farlure m one set of cells from an orgamsm does not necessarily
indicate complete non-apphcablhty of the mventron to that orgamsm Second it is impor-
tant to realize that not all tlssues in the orgamsrn need to be affected for the invention to

be iused in an orgamsm Thls may serve as: an advantage m some sntuattons
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A few observations serve to clanfy the nature of. possxble targets and mechanisms
for RNA-mediated genetic mhxbmon in C. elegans !

First, dsSRNA segments correspondmg to a variety of mtron and promoter
sequences did not produce detectablexnbx_bmon (Table l).{ A_lt_hough consistent with
possible inhibition at a post.—transcriptional tevel, these eXpeﬁments, do not rule out
inhibition at the level of the gene. |

Second, dsRNA injection produced a dramatic decrease in- the level of the
endogenous mRNA transcnpt (Flgure 3). Here, a mex-3 transcnpt that is abundant in the
gonad and early embryos “was targeted, where stralghtforward in situ hybndlzatlon can
be performed’. No endogenous mex-3 mRNA was observed in ammals injected with a
dsRNA segment denved from mex-3 (thure 3D), but injection of punﬁed mex-3
antisense RNA resulted i m anxmals that’ retamed subs_tanua_f endogenous mRNA levels
(Figure 3C). i R : ) | | ‘. , ..

Third, dsRNA-mediated mhxbltwn showed a surpnsmg ablllty to cross cellular
boundaries. Injection of dsRNA for unc—22 gﬁ), or. IacZ mto the body cavity of the head
or tail produced a specific and robust miubmon of gene expresSxon in the progeny brood
(Table 2). Inhibition was seen- m the progeny of both gonad arms ruling out a transient
"nicking" of the gonad in these m_;ecttons dsRNA m}ected mto body cavity or gonad of
young adults also produced. gene-specrf c mhlbxtlon in somatlc USsues of the injected
animal (Table 2). ‘ '

Table 3 shows that C eIegans can- respond ina gene-speclftc manner to dsRNA
encountered in the envnronment Bactena are 4 natural food source for C. elegans. The
bacteria are ingested, ground n the ammal’s pharynx and the bactenal contents taken up
in the gut. The resuits show that E. coli bactena expressmg dsRNAs can confer specific
inhibitory effects on C. eIegans nematode larvae that feed on them

Three C. elegans genes were analyzed For each gene correspondmg dsRNA was
expressed in E. coli by msertmg a segment: of the codmg regmn xnto a plasmid construct
desrgned for bidirectional transenpnon by bactenophage T7 RNA polymerase. The
dsRNA segments used for these expenments were the same as those used in previous
mlcromjectlon expenments (see Flgure l) The effects resultmg from feeding these

bactena to C. elegans were compared fo the effects achleved by microinjecting ammals
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The C. elegans gene !4,,‘ C-22 encodes an abundant muscle ﬁlament protein. unc-22

null mutations produce a charactensnc and nmform twntchmg phenotype in which the

animals can sustain only transxent muscle contracnon When wnld-type animals were fed

bacteria expressing a dsRNA segment from unc-22 a hlgh fracnon (85%) exhibited a

weak but still distinct thtchmg’phenotype charactensuc of parttal loss of function for the

unc-22 gene. The C. elegans fem;l gene_ encodcs a late component of the sex

were sterile. Finally, the abthty to mhl.blt gene exprcsswn of 7 a transgene target was

assessed.. When animals carrymg a gjb transgene were fed bactena expressing dsRNA

corresponding to the gfp- reporter an obvxons decrease in the: overall level of GFP

fluorescence was observed agam m approxnmatcly 12% of the: populatlon (see Figure 5,

panels B and C).

3

The effects of these mgested RNAs were speclﬁc Bactena canymg different

dsRNAs from fem-1 and gfp 7

oduced_no twntchmg, dsRNAs frorn unc-22 and fem-1 did

not reduce gfp expressnon, an dsRNAs from gib and tmc-22 dld’ n :;produce females.
These inhibitory effects were apparently medlated by- dsRNA bactena expressing only

the sense or antisense strand fo' elther gf[p or unc-22 caused no ewdent phenotypic effects

on their C. elegans predatorsv_

Table 4 shows the: effects of 'bathmg C eIegans m a solutlon containing dsRNA.

Larvae were bathed for 24 hou 3

allowed to recover in normal

in olutlons of the mdtcate dsRNAs (1 mg/ml), then
medx'

nd‘ allowed to grow under standard conditions for

two days. The unc-22 dsRNA’ wassegment ds—uncZZA from Flgure l pos-1 and sqt-3
dsRNAs were from the full length cDNA clones pos-l encoqes an essenttal maternally

provided component required: early in embyogenests Mutanons removmg pos-1 activity

have an early embryonic arrest charactensnc of skn llke ml.\tatlons29 3° Cloning and

activity patterns for sqt- 3 have been descrlbetl3 C. eIegans sqt—3 mutants have mutations

in the col-1 collagen gene

l’henotypes of affected ammals are noted Incidences of
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clear phenotypic effects in 'these' enpe'riments were 5-10% for unc-22, 50% for pos-1, and
5% for sqt-3 These are frequencres of unamblguous phenoeopres, other treated animals
may have had marginal defects correspondmg to the target gene that were not observable.
Each treatment was fully gene-specrﬁc in that unc-22 dsRNA produced only Unc-22
phenotypes, pos-1 dsRNA produced only Pos-l phenotypes and sqt-3 dsRNA produced
only Sqt-3 phenotypes. . S

Some of the results descnbed herem were pubhshed aﬁer the filing of our
provisional application. Those publtcatrons and areview can be cnted as Fire, A, etal.
Nature, 391, 806-811, 1998 Tlmmons, L & Flre A Nature, 395 854, 1998; and
Montgomery, MK. & Frre, A Trends in Genetrcs, 14, 255-258 1998

The effects descnbed herem srgmﬁcantly augment avallable tools for studymg
gene function in C. elegans and other orgamsms In pamcular functronal analysis should
now be possible for a large. numher of mteresttng coding regtons for which no specific
function have been deﬁned Seveml of these observatrons show the propemes of dsRNA
that may affect the desrgn of processes for mhrbrtton of" gene expresswn For example,
one case was observed i m whtch a nucieotlde sequence shared befween several myosin

genes may inhibit gene expressron of several members of ; a related gene family.

Methods of RNA Synthesrs and Micromjectron ' !

RNA was synthesrzed from phagemxd clones wrth T3 and T7 RNA polymerase®,
followed by template removal wrth two sequenttal DNase treatments In cases where
sense, antisense, and mixed RNA populatrons were to be compared RNAs were further
purified by electrophoresrs on. low-gellmg-temperahne agarose * Gel-purified products
appeared to lack many of the mmor bands seen in the ongmal "sense and "antisense"”
preparattons Nonetheless RNA spectes aceountmg for less than 10% of purified RNA
preparations would not have been observed. Wlthout gel punﬁcatlon, the "sense" and
"antisense" preparations produced sngmﬁcant mhrbmon Thrs mhnbltory activity was
reduced or eliminated upon gel punﬁcatron. By contrast, sense+antrsense mixtures of gel
purified and non-gel-punﬁed RNA preparatrons produced tdenttcal effects.

Following a short (5 mmute) treatment at-68°C to remove secondary structure,

sense+antisense annealmg was camed outin mjectlon buffer27 at 37°C for 10-30 minutes.
28

P
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Formation of predominantly double stranded matenal was €0 ,rmed by testing migration
on a standard (non-denaturing) agarose gel for each RNA pa r gel mobility was shifted to
that expected for double-stranded RNA of the appropnate length ‘Co-incubation of the
two strands in a low-salt buffer (5 mM Tns-HCl pH 7.5,0. 5 mM EDTA) was insufficient
for visible formation of double-stranded RNA in vitro. Non-annealed sense+antisense
RNAs for unc22B and gpr were tested for mhxbttory effect and found to be much more
active than the individual smglestrands, but 2-4 fold' less acnve than equwalent pre-

annealed preparatxons

adult are given as rough approxxmatlons.based on concentratto of RNA in the injected

material (estimated from ethldmm bromlde stammg) and mjectlon volume (estimated

from visible displacement at the .s e of‘mjectton) A vanablhty of several fold in

injection volume between md1v1dual.,ammals is possxble how er, such variability would

not affect any of the conclusmns drawn herem

RS

ey
i :
S

Methods for Analysis. of Phenotypes

Inhibition of endogenous genes was. generally assayed m a wnld type genetic

aly: ed_mcluded movement feedmg, hatchmg, body shape,
sexual identity, and ferttllty Inhlbltton thh g[p and IacZ acttvtty was assessed using

strain PD4251 This straml :-s ble transgemc stram cont""mng an integrated array

(cclsd425 l) made up of three plas 'ds' pSAK4 (myo-3 promoter driving mitochondrially
targeted GFP), pSAK2 (myo-3 promoter dnvmg a. nuclear targeted GFP-LacZ fusion), and
a dpy-20 subclone asa seleetable marker Thts stram produces GFP in all body
muscles, with a combination of m tochondnal and nuclear Iocaltzatton The two dlstmct

compartments are easily dtstmgutshed in theSe cells allowmg a facrle distinction bctween

A

29 i
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cells expressing both, elther, or nelther of the original GFP constructs

Gonadal injection was. performed by inserting the mtcrom;ccuon needle into the
gonadal syncitium of adults and expelltng 20-100 pl of solutxon (see Reference 25). Body
cavnty injections followed a sumlar procedure, with needle msemon into regions of the
head and tail beyond the posmons of the two gonad arms. In)ecnon into the cytoplasm of
intestinal cells was another effecuvc means of RNA dehvery, and may be the least
disruptive to the animal. After recovery and txansfer to standard solid media, injected
animals were transferred to fresh culture plates at16 hour mtervals This yields a series
of semi-synchronous cohorts in ‘which it was straxghtfopward to identify phenotypic
differences. A characteristic temporal pattem of phenotyplc seventy is observed among
progeny. First, there is a short: "clearance mterval in Wthh unaffeeted progeny are
produced. These include xmpermeable fertlllzed eggs- present at thetlme of injection.
After the clearance penod, lndlvxduals are produced which: show the inhibitory phenotype.
After injected animals have produced eggs for several days, gonads can in some cases

"revert” to produce mcompletely affected or phenotyptcally normal progeny

Additional Descnptxon of the Results _ :

Figure 1 shows genes used to study RNA-mednated genetlc inhibition in C.
elegans. Intron-exon structure for genes used to test RNA-medlated inhibition are shown
(exons: filled boxes; mtrons open boxes 5 and 3 untranslated regions: shaded; sequence
references are as follows: unc—22 &4 unc-54 '2, fem-l '4, and hlh 1 '). These genes were
chosen based on: (1) a det'med molecular structure, (2) clas _lcal genetic data showing the
nature of the null phenotype Eaeh segment tested for lnhtbttory effects is desngnated
with the name of the gene followed bya smgle letter’ (e £, uncZZC') Segments derived
from genomic DNA are shoWn above the gene, segments denved from c¢DNA are shown
below the gene. The consequences of injecting double-stx'anded RNA segments for each
of these genes is described i ln Table t. dsRNA sequences. from the codmg region of each
gene produced a phenotype resemblmg the null phenotype for that gene

. o v 1+
The effects of mhxbttory RNA were analyzed in mdnv:dual cells (Figure 2, panels

A-H). These experiments were camed out in a reporter stram (called PD4251) expressing

30
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two different reporter protems nuclear GFP_ ' jacZ and mltochondnal GFP, both expressed

in body muscie. The ﬂuorescent

individual cells under the ﬂuorescence rmcroscope to detemu'

GFP expression in progeny of these rnjected ammals was

{of these reporter protelns allowed us to examme

the extent and generalrty

d as a negative control.

Ot affected The GFP patterns

of these progeny appeared 1denttcal to the parent straln, wrth prormnent fluorescence in
nuclex (the nuclear localized GFP-Lan) and mltochondrra (th : mttochondnally targeted
GFP) young larva (Flgure 2A), adult (Frgure 2B) and adult body wall at high magnifi-

cation (Figure 2C).

In contrast, the progeny o”:ammals tnjected thh ds-gﬁ;G RNA are affected

(Figures 2D-F). Observable GFP ﬂuorescence is completely absent m over 95% of the

cells. Few active cells were seen’in’ larvae (Frgure ZD shows a l'

uninjected controls show AGFP acty

not effective in all tlSSUCS

ity in: all 81 body wall‘ uscle'cel

a,_wrth one active cell;

lls). Inhibition was

tue vulv" musculature expre ,ed'acttve GFP in an adult

animal (Figure 2E). Rare: GFP posrtwe body wall muscle cell were also seen adult

animals (two active cells ares

n-Frgure 2F) Inhrbmon as target specific (Figures

2G-I). Animals were mjected ‘with ds“lacZL RNA whlch hou{d affect the nuclear but

2H). Scale bars in Frgure 2 ar 3 20 um

The effects of double suanded RNA correspondmg to mex-3 on levels of the

endogenous mRNA was shown by in srtu hybndlzatlon to embryos (Flgure 3. panels A-

D). The 1262 nt mex-3- cDNA clone was divided mto two segments mex-3A and mex-

3B with a short (325 nt) overl

"7-S|mtlar results were obtamed in expenments with no

overlap between mhlbltmg an d: probe segments mex-3B anusense or dsRNA was

injected into the gonads of adult anlmals whxch were mamtamed under standard culture

conditions for 24 hours before
mex-3B dsRNA produced 100% e

antisense injections hatched. -A‘_

‘ttonand in .ﬂtu hybndtzatt
ryomc arrest whlle >90

sensé probes correspond

;.,(see Reference 5). The
of embryos from the

0 .mex-3A were used to
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assay distribution of the endogenous méf.s mRNA (dark stain). Four-cell stage embryos
were assayed; similar results were obsewed from the 1 to 8 cell stage and in the germline
of injected adults The negatnte control (the absence of hybndrzatron probe) showed a
lack of stammg (Figure 3A) Embryos from- umnjected parents showed a normal pattern
of endogenous mex-3 RNA (Flgure 3B) The observed pattem of mex-3 RNA was as
previously descnbed in- Reference 20. Injectton of purified. mex-3B antisense RNA
produced at most a modest effect the resultmg embryos retamed mex-3 mRNA, aithough
levels may have been somewhat less than wrld type (Figure 3C) ‘Incontrast, no mex-3
RNA was detected in embryos from parents mjected wrth dsRNA corresponding to mex-

3B (Figure 3D). The scale of Fxgm:e 3 rs such that each- ernbryo is approximately 50 um
in length. T B

Gene-specific mhrbltory acthty by unc-ZZA RNA was measured as a function of

RNA structure and concentratnon (thure 4) Punfied antrsense and sense RNA from
unc22A were injected mdrvtdually or asan annealed mrxture "Control" was an unrelated
dsRNA (g/pG). Injected ammals were tmnsferred to fresh: culture plates 6 hours (columns
labeled 1), 15 hours (columns labeled 2), 27 hours (columns labeled 3) 41 hours
(columns labeled 4), and 56 hours (columns labeled- 5) after mjectxon Progeny grown to
adulthood were scored for movement in their growth envxronment then examined in 0.5

mM levamisole. The main- graph mdlcates fractions in each behavroral class. Embryos in
the uterus and already covered w1th an eggshell atthe time of i mjectron were not affected
and, thus, are not mcluded m the graph The bottom-leﬁ dlagram shows the genetically
denved relationship between urrc-22 gene dosage and behavror based on analyses of unc-

22 heterozygotes and polyploxds” CTan

Figures 5 A-C show a o'rocess andei'am'-'ples of genetlc inhibition following
ingestion by C. elegans of dsRNAs from expressmg bactena A general strategy for
production of dsRNA is to clone segments ofi interest between ﬂankmg copies of the
bacteriophage T7 promoter.into a bactenal plasmld constmct (Flgure 5A). A bacterial
strain (BL21/DE3)*® expressmg 'the. 'l‘7 polymerase gene from an inducible (Lac) promo-

ter was used as a host. A nuclease-resrstant dsRNA was detected m lysates of transfected

R
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L T poTiusesnTas

.E"elega"{ Stram, PD4251 (see Flsure Zj; was fed on a native

bacterial host. These ammals show _.timformly hlgh level of GFP fluorescence i in body

comparably effective.

! All references (e. g bo S, ‘xcles, apphcatlons, and patenbs) cxted in thls

specxﬁcatlon are mdxcatwe of the level of sklll m the art; and thelr dlsclosures are

10.

11

.Epstem H,etal J Mol Bit
12.
13.
14,
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16.
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Table 1. Effects of sense,;ént_tiééns_e:

Gene and Segment

_ lnjected RNA F1 Phenotype

unc-22

unc22A?

unc22B

unc22C

exon 21-22

exon 27

exon 21.220

74

1033

78§

'"'nc-22 null mutants' strong twrtchers7 8

fem-1

femlA

fem1B

exon 10°¢

intron 8

556

" hermaphrodue (9, Y

- ;hermaphrodlte (>98%)

nsetantisense. - . female %)

B

sense+antisense. he{maphrodlte (>98%)

|

unc-54
unc54A

unc54B

unc54C
unc54D
uncS4E
unc34F

exon 6

exon 6

exon 1-5
promoter
intron |

intron 3

hexiée%-’gntis"éhsc T

R enseﬂnnsense o
_f'sense+an:zsetrse :

unc-54 null mutants. paralyzed7 (e
-;sgnse_ AR S wild: type(wa%)
‘aniisense. 1| wild type(lOO%)

‘paralyzed ( 100%)d

se+annsense‘i-= -

"‘nse+annsensc: I

‘ ":‘,: _33_ '
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Table 1 (continued).

Gene and Segment  Size ‘Aln]ected RNA F1 Phenotype

hih-1 . '-hlh-l null mutants. Iumpy-dumpy larvael6
hihlA exons 1-6 1033. semse - - ‘wﬂdtype (<2% 1py-~dpy)
| :anusense C . wild type (Q% Ipy-dpy)
senseﬂnnsensc _ lpy—dpy l_:_trvae(>90‘%:)e
WhIB  exons1-2 438 .- sersevantisense Ipy-dpy farvae (>80%)°
hihiC exons 4-6 299 -‘_ "--_sense*antlsense Ipy-dpy iﬁf'!??;PSU%)e

hiRID intron 1 697 sense+antisense - wild type (<2% lpféd’py)

myo-3 driven GFP transgenes T : S
myo-3..NLS..gfp::lacZ - makes nuclear GFP in body muscle '

gG exons2-5 730 ; sense . nucléar GFP-LacZ pattern of parent strain
R R an_lisen_se ‘ o nuclear GFP-LacZ pattern of parent strain

_ _s‘erxseﬁ-sm:isense “nuclear GFP-LacZ absent in 98% of cells
lacZL exon12-14 830 - : seuse+antisense " nuclear GFPrl,an absent in >95% of cells

myo-3::MtLS::gfp A,makes mltochondnaLG mbody muscle

G exons 2-5 ..7_‘30'-':; v sense - L mltochondrtai GFP pattem of parent strain
- -A:antlsense . mltochondnal GFP pattern of parent strain

. :‘.senseﬂnnsense . ml_rqehorrdrlpl GFP absent in 98% of cells

lacZL exon 12-14 830 sense+anusense ' mitq'ch_undri@rliGFP pattern of parent strain

Legend of Table 1 A

Each RNA was mjected mto 6-!0 adult hermaphrodttes (0 5 1x10° molecules into
each gonad arm). After 4-6 hours {to clear pre-femhzed eggs from the uterus) injected
animals were transferred and eggs collected for 20-22 hours. Progeny phenotypes were
scored upon hatching and subsequently at 12-24 hour mtervals

a: To obtain a seml-quantrtatlve assessment of the- rclatronshrp between RNA dose
and phenotypic response, we' mjected each unc224 RNA preparauon at a series of

different concentrations. At the htghest dose tested (3 6x105 moiecules per gonad), the

36
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individual sense and antrsense unc22/i preparatrons produc ljne visible twitching (1%

and 11% of progeny respectwe

visible twitching in all progeny; wh eal20-fold lower dos ﬁrlsaunCZZA RNA produced

visible twitching in 30% of progenm" o .
b: unc22C also cames the rntervemng intron (43 nt)_. .
c: femlA also cames a portton (131 nt) of i mtron 10 O
d: Animals in the ﬁrst affectecl broods (lald at4-24’ hours aﬁer mjectron) showed
movement defects mdrstmgmshable from those of null mutants m unc-54 A variable

fraction of these animals' (25-75%) faxled to lay eggs (another phenotype of unc-54 null

mutants), while the remamd ‘of the-'paralyzed ammals were egg-laymg posmve This

may indicate partial mlubrtlon func-54- actxvrty in. vulval muscles -Animals from later

broods frequently exhlblt- distir artral_loss_eof-fttnetlon ph otype, with contractility

in a subset of body wall musc

e: Phenotypes of hIh. nhrbttory RNA mclude arr ernhryos and partially

elongated L1 larvae (the hlh' Loull ,henotype) seen m vrrtua all progeny from injection

of ds-hlh1A and about half . f the' aﬁ'ected ammals from.d' hl B‘ and ds-hlhIC) and a set

remamder of the ammals om ds-hlhIB and ds-
hlh1C). The less severe phenotypes a e'charactenstrc of p

of less severe defects (seen, wrth

1 loss of function for hlh-1.
th..mrtochondnal GFP and

surlultaneous assay for mhrbttron of g[p (loss of all

f: The host for these m ctrons, PD4251 expresses.
nuclear GFP-LacZ. Thrs allo'

fluorescence) and lacZ (los nuclear ﬂuorescence) The table descnbes scoring of

animals as L1 larvae. ds~gpr 'caused a loss of GF Pi m all but 0—3 of the 85 body muscles

in these larvae. As these anrrnals mature to adults GFP actrvny was seen in 0-5

additional bodywall muscles and m the erght vulval muscles ; e
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Table 3. C. elegans canrespond

‘

5  Bacterial Food

BL21(DE3) ?l'i%fkfé'!iﬂel B

43% female -

< \Yfemate ¢ -
10 < 1% female !

v

15
dsRNA

unc-22

20 pos-1

sqt-3
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In Table 2, gonad mjecttons were carried out into the GFP reporter strain PD4251,

which expresses both mrtochondnak ‘GFP and nuclear GFP-LacZ - This allowed simulta-
neous assay of inhibition with g/'p (famter overall: ﬂuorescence) IacZ (loss of nuclear
fluorescence), and unc—22 (tw:tchmg) Body cavity injections were carried out into the
tail region, to minimize accrdental mjectron of the gonad; equrvalent results have been
observed with injections | mto the antenor regron of the body cavrty An equivalent set of
injections was also performed mto a smgle gonad arm. For all srtes of injection, the entire
progeny brood showed phenotypes xdentrcal to those descnbed m Table 1. This included
progeny produced from both mjected and urun]ected gonad arms " Injected animals were
scored three days after recovery and showed somewhat less: dramatlc phenotypes than
their progeny. This could i m part be due to the persrstence of products already present in

the injected adult. After ds-uncZZB m;ectron, a fractron of the m]ected animals twitch

weakly under standard growth condmons (10 out of 21 ammals) Levamrsole treatment
led to twitching of 100% (2 1/21) of these animals. Similar cﬁ’ccts were seen with ds-
unc22A4. Injections of ds-gpr or ds-lacZL produced a dramattc decrease (but not elimi-
nation) of the correspondmg GFP reporters In some cases, 1solated cells or parts of
animals retained strong GFP acttvrty 'I'hese were: most. frequentiy seen m the anterior
region and around the vulva Injectlons of ds-gfpG and ds- IacZL produced no twitching,

while injections of ds unc22A produced no change in GFP ﬂu0rescence pattern.

While the present mventton has beén descnbed in connectlon with what is
presently considered to be: practtcal -and preferred embodrments lt is understood that the
invention is not to be lrmtted or restncted to- the drsclosed. embodtments but, on the
contrary, is intended to cover vanous modrﬁcatlons and equrvalent arrangements included
within the spirit and scOpe of the appended elarms N L{

Thus it is to be understood that varlattons in the descrrbed invention will be
obvious to those skilled in the artwnhout departmg from the ﬂovel aspects of the present

invention and such vanatrons ane mtended to come wnthm the scope of the present

invention.

40
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WE CLAIM: - ..

The method qf;ig'la»lm-_Sirlq;‘wbiéh the céllis ':fgqm_.e_l nematode.

10. The method of" claxm 11 m whxch the 1dennc': ‘ nucleotlde sequence is at

least 50 bases in length. "

11.  The methodof lé;l"’;;i‘m- 1 anthh the target éené; eipte§§i0n is inhibited by

at least 10%.

12. The method of ; lmm I in whxch the cell lS presem m an organism and

inhibition of target gc_n_c’qx ction phenotype.
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13. The mclhod of claxm 1: m whxch the RNA coﬁip’ris'es one strand which is

self-complementary .

14.  The method of clarml in which the RNA quﬁpﬁses_—';Wp separate
complementary strands. y ) o R
15. The method df claun 14 further compﬁsin’_g sjgnjthesi‘s of tlle two

complementary strands ari'd ifxiii_é__tiq;l of RNA duplex forthation_ outside the cell.

16. The method of claxm 14 further compnsmg synthesxs of the two

complementary strands and :mtxatlon of RNA duplex formanon mStde the cell.

17.  The method of c mm' l m thch thc cell 1s pr&scnt in an organism, and the

RNA is introduced within a bedy cavnty of the orgamsm and outsxde the cell.

18.  The method ot' claun I m wluch the cell is pfeseﬁt m an organism and the

RNA is introduced by extracellular mjectnon mto the orgamsm

19. The method Of clatm Tin WhiCh the cell ns prcsent in ‘a first organism, and
the RNA is introduced to the ﬁrst orgamsm by feedmg a second RNA-contammg

organism to the first orgamsm

20. The metl\ed"bffc_laim 19 in which the second oréaﬂi‘ér’_h‘ is engineered to

produce an RNA duplex. c |

21.  The xﬁét_ho_,c’lf ofclmm lin Wl'jich an exp_rcséio_n_ :géantruct in the cell
produces the RNA. S RS

2. A method te mhxbtt expressxon of a target gene comprising:
(a) providing an orgamsm contammg 2 tareet cell wherem the target cell

contains the target genc and the target gcnc is expressed in the target cell;
42
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(®)

(c)

23, The method of 1 is an animal.

24.  The method of 22 mwhlchtheorgamsm ‘plant.

25. The met_h?)dfo‘f .22 in'wﬁich%ﬁefor'gag;s ,_ nii:x'w_ertcbrate animal.

26.  The mgtﬁéd‘fof aim 22m Awh_i'chr the orgamsmis em

27. The method of clalm 26 in whlch a formulatlon compnsed of the RNA is

applied on or adjacent to a plam, and dnsease assocxated w:th nematode infection of the

plant is thereby reduc_:ed._. '

31. The meth’ d of clalm 22 in. whnch the RNA is mtroduced by extracellular

injection into the orgams Y
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32. The method of clatm 22 in whtch the orgamsm xs contacted with the RNA
by feeding the organism food conf.ammg the RNA o

33.  The method of claxm 32 in whlch a genencally-engmeered host
transcribing the RNA compnses t‘ne food

34.  The method ofetalm 22 in which at least one stmndof the RNA is
produced by transcriptiqii_ of 5anfe?q:)re83ion construct. . ‘
35. The method ot‘ claun 35in whxch the orgamsm ns a nematode and the

expression construct is contamed m a plant, and dlseasc assoclated thh nematode

infection of the plant is thereby reduced

36. Acell comauung an expressxonconstmct, " .

wherein the expressxon tonstruct transcnbes at least one nbonuclelc acid (RNA)
and the RNA forms a double-stmnded structure with: dup[exed strands of ribonucleic acid,

whereby said cell cantams the double-stranded RNA stmcmre and is able to
inhibit expression of a target gene when the RNA is contacted w1th an organism
containing the target gene : ‘ %

37. A transgenic animal containing said cell of claim 36: -

8. A tra“s-g"';“,ijce.Fi’l;li“"’édntaining,'said cell of c_lait& 36 £

39. Akit cenip'fiei:né';;eégents .forfinh'ibiting expressi‘on of a'terget geneina
cell, ; _ A . ..

wherein said klt compnses a means for mtroductlon of a.nbonuclelc acid (RNA)
into the cell in an amount sufﬁcxent to. mlub:t expression of the target gene, and

wherein the RNAhas a, dOuble-stranded strucmrc wnh an identical nucleotide

sequence as compared ' toa portlnn of the tat‘get gene
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Box| Observations where certain claims were found unsearchable (Caritiuation of item 1 of first sheet)

This International Search Report has not been established in respect of eér&i{aéhim@qriq@imdo 17(2)(a) for the following reasons:

! beau.soNg:séy relate to subject matter not required Y0 ba'searched by this Authority: namely: .
Remark: Although claim. 35 and claims 1-6,8-23,25-26,34 (as far as in vivo
methods practised on anima}s are concerned) are directed to a method of
treatment of the human/animal body, the search has been carried out
and based on the alleged effecty of the‘compoun,d/compcsition.

2. [_] craims Nos.: R 4 U
becausa they relate to parts of the International Ap, N that.do not’comply.with the prascribed requirements to such
an extent that no meaningful intemational SG@ pan"!:e_ mmed mt.specmcauy . .

s ¥

3, DClaimsNos.: S SO
because they are dependent claims and afe. not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box il Observations where unity of invention is-acking (Continuation of.item 2 of first sheet)

This International Searching Authority found multiple inventions in this international application. as follows:

1. D As all required additional search fees were timely paid-by the applicant. this intsrmiational Search Report coverg al
searchable claims. N i ' o '

2. D As all searchable claims could be searctied without é‘uon'jp"s"mytng ah-additiona) th;'tinis Authority did not invite payment
of any additional fee. e S,
X

3. L—_] As only some of the required additional search fees weré 't}mely"'pa'id'tiy; me:a_ibp\i@aﬁt. this interational Search Report
covers only those claims for which tees were.paid. specifically claims _Nos‘v,_:_ 7

4. D No required additional search tees were tmely paid by the applicant, Consequenty. this Intemational Search Report is
restricted to the invention first mentioned in the claims: s ;overed;tgy. claxms‘Nos.;

Remark on Protest _ I D The agditional search fees were accompanied by the applicant's protest.

o D No protest accomparsed the paymient of additional search fees.
{o.on :
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